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INTRODUCTION

A longstanding concept in neuroscience has been that the mature mammalian central
nervous system (CNS), unlike the peripheral nervous system (PNS), is incapable of axon
regeneration. There are currently two principal concepts that form the basis of our
understanding of the inability of the mature brain to regenerate axons. The first, and
predominant, concept is that following injury to the CNS, extrinsic factors prevent axon
growth (Benowitz and Yin, 2007; Raivich and Makwana, 2007). These extrinsic factors are
principally of two types: glial scar and myelin breakdown products. The second concept to
account for axon regeneration failure is that as the brain matures, the intrinsic
developmental genetic programs that mediate axon growth are silenced. In recent years
there has been growing interest in the role played by silencing in the adult brain of these
intrinsic programs. The therapeutic promise offered by the concept of silencing of axon
growth programs is that it suggests that if we are able to re-activate them, it may be
possible to achieve long range restorative axon growth. Such a possibility has received
support from our recent studies of the activation of Akt/mTor signaling in models of
retrograde axonal degeneration induced by the dopaminergic neurotoxin 6-
hydroxydpamine (60OHDA). In this model, 60HDA is injected unilaterally into the striatum
of mice and within one week it induces over 80% destruction of the dopaminergic nigro-
striatal projection (Ries et al., 2008). This model has been used for many years to
simulate the principal neurodegeneration that occurs in human Parkinson’s disease (PD).
In order to accurately simulate the clinical presentation of the disease, we waited until
three weeks after the lesion, when most axons have been destroyed and about 50% of
neurons still survive, and then transduced the

surviving dopamine neurons by use of an AAV1

Gop _ are vector with either a constitutively active mutant of the
[Feonn] | Ta0e Akt kinase (myristoylated-Akt (MYR-.Akt.)) (Ries.et
L surs al., 2006) or hRheb(S16H), a constitutively active

mutant of the Rheb GTPase (Kim et al., 2011; Kim et

al., 2012). Rheb GTPase is activated by Akt and it is
a direct activator of the mTor kinase (Zoncu et al.,

l 2011) (FIGURE 1). We have observed that
transduction of SN dopamine neurons with either

@ AAV MYR-Akt or AAV hRheb(S16H) induces a
| remarkable reinnervation of the striatum (FIGURE 2)

(Kim et al.,, 2011; Kim et al.,, 2012). While these
observations with AAV MYR-Akt and AAV
mTORC1 Effects: Cell growth; Axon growth; P
A popiais, A macroatophagy hRheb(S16H) offer a promising proof-of-concept,
FIGURE 1. Schematic representation of they cannot be dlreCtly |mp|emented as a gene
Aktt_/th‘Qb/mTC;r Stit?na”n? pathways. bFollowirgg therapy for humans because both of these
activation a e asma membprane
phosphorylation by Ny and mTORGC2, A | molecules are potent oncogenes. The phallenge,
phosphorylates and thereby inhibits the GTPase | therefore, is to try to exploit the beneficial axon
activity of the tuberous sclerosis complex (TSC). th h t f d bv thi h hil
This inhibition allows accumulation of activated gI'OW p eno ype O_ ere Yy IS .approac whnile
GTP-bound Rheb, which is a principal activator of | - eliminating the undesirable oncogenic phenotype. In
the mTORC1 kinase. Two principal downstream thi | k t dd thi hall b
substrates of MTORC1 are 4E-BP1 and p70S6K. IS proposal, we seek 10 address this challenge by

Their phosphorylation mediates  effects of | attempting to identify the critical mediators of the
mTORC1 activation.
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axon growth

CONTROL 60HDA CONTROL_ } 60HDA CONTROL 60HDA phenotype
@ < .__ﬁ’_.} \ Q % downstream to mTor.
B “acs We postulate that at
Y s 3 s ~, some point
downstream, the
» _ X ks & paths mediating the
3 g two phenotypes must
L ) <4 \
i R ¢ diverge. Based on
% el W% ol - our results with
AAV: NONE AAV: CONTROL (YFP) AAV: MYR-mAKT1 theb(S1 6H) we
POST - LESION: 3 WEEKS POST - LESION: 10 WEEKS POST - LESION: 10 WEEKS . .
POST - INJECTION AAV: N/A POST - INJECTION AAV: 7 WEEKS POST - INJECTION AAV: 7 WEEKS know that activation

FIGURE 2. Constitutively active Akt (Myr-Akt) induces re-population of the MFB by of mTor is sufficient
dopaminergic axons. Horizontal sections of mouse brain, stained for TH, demonstrate

restoration of dopaminergic axons within the MFB by Myr-Akt. At 3 weeks post-lesion, there are for axon growth.
a few remaining dopaminergic neurons in the SNpc, but in this low magnification micrograph mTor has two
there is no remaining axonal immunostaining in the MFB or striatum (STR). Following intra- N .
nigral administration of AAVs, very litle TH immunostaining is observed in both MFB and prlnCIpaI, SUbStrat,eS'
striatum at 10 weeks post-lesion of mice given AAV YFP as control. However, robust axonal eukaryotlc translation
immunostaining is observed in the MFB (red arrows, bottom right panel) and in the striatum (red initiation factor 4E

arrows, top right panel) of mice given AAV Myr-Akt. L .
binding protein (4E-

BP1) and p70S6K (FIGURE 1). Of the two, we hypothesize that p70S6K is more likely to
play a role in axon growth. P70S6K has been identified as both necessary and sufficient
for axon specification in primary neurons (Morita and Sobue, 2009). Transduction of
neurons with a constitutively active form of p70S6K induced the formation of multiple
axons, whereas increased expression of elF-4E did not (Morita and Sobue, 2009) .
Although our principal hypothesis favors p70S6K in the induction of axon growth, we
intend in this proposal to cover all possibilities by investigating the alternate mTor
mediator, 4E-BP1, as well. The aim of this proposal therefore is to test the hypothesis that
p70S6K or 4E-BP1 has the ability to induce axon regeneration in lesioned dopamine
neurons. This proposal has direct therapeutic implication for the treatment of PD and other
chronic neurologic diseases characterized by axon degeneration.

BODY

TASK 1 YEAR 01: To determine whether p70S6K or a constitutively active mutant, or both, are
mediators of axon growth in the dopaminergic nigro-striatal projection.

In Year 01 we successfully completed this Task, and found that a constitutively active form
of p70S6K can mediate new axon growth. In order to proceed, we first created the AAV
vectors for p70S6K(WT) and the constitutively active form p70S6K(del C/T389E) (Yan et
al., 2006; Sato et al., 2008). We next needed to determine whether these vectors were
capable of successful transduction of dopamine neurons of the substantia nigra. This was
done, and both vectors were found to have excellent transduction efficiency, without
evidence of toxicity. After the viral vectors were created and characterized, we turned our
attention to the performance of the Experiments outlined in TASK 1. In each of these Experiments
a 60HDA lesion was performed, followed in three weeks by intra-nigral injection of the AAV
vectors. The effects on axon growth were assessed at 12 weeks post AAV, to allow enough time
to fully assess the effects of the AAV injections. We determined by three measures that
p70S6K(del C/T389E) induced new axon growth following their destruction by neurotoxin.
We first determined that p70S6K(del C/T389E) partially restores axon numbers in the
3



medial forebrain bundle (MFB), identified as TH-positive axons in the MFB. Examination
of TH immunostaining alone is not an adequate assessment of new axon growth in this
model, because restoration of the ability to express the TH protein may simulate the
appearance of new axons when new growth has not in fact occurred. To address this
concern, we used two methods. In the first, we used transgenic mice (TH-GFP) that
express GFP under the TH promoter. Under the TH promoter, GFP is exclusively
expressed in catecholaminergic neurons. GFP expression is more robust and more
readily detected that endogenous TH, which must be demonstrated by immunostaining.
Second we have used an anterograde tracer technique in which the axon-targeted fusion
protein Tomato-Tau is delivered to SN neurons by AAV and expression is driven by the
robust chicken-beta actin promoter, which is less likely to be subject to developmental
regulation. These two methods can be performed simultaneously in the same mouse by
injection of TH-GFP mice with AAV Tomato-Tau. By both methods there was a clear
induction of axon growth by AAV p70S6K(del C/T389E). In order to determine whether
these morphologic observations had a functional counterpart, we performed a behavioral
analysis, using amphetamine-induced rotational behavior. Following unilateral 60HDA
lesion, the administration of amphetamine, which induces dopamine release, results in
more release on the intact side and consequently rotations away from that side, towards
the side of the lesion. In mice treated with AAV p70S6K(del C/T389E), this effect is
reversed, indicating that nigro-striatal dopamine release has been restored on the lesioned
side. Based on these results we concluded that our hypotheses was confirmed, that
p70S6K, a downstream target of mTORCH1, is capable of recapitulating the axon growth
effects of MYR-Akt and hRheb(S16H).

TASK 2. YEAR 02. To determine whether 4E-BP1, as the second principal substrate of mTORCI1
signaling, is a mediator of axon growth in the nigro-striatal dopaminergic projection.

e weree____| | | vear 02 we first successfully

created the AAV vector for elF4E, a
protein translation factor that is
constitutively inhibited by 4E-BP1.
In order to mimic the inhibitory
effects of mMTORC1 on 4E-BP1, the
appropriate strategy is to
overexpress elF4E. As we did for
the p70S6K  constructs, we
determined whether the vector was
capable of successful transduction

FIGURE 3. Double- Iabellng immunofluorescence for tyrosine hydroxylase of dopamine neurons of the

(TH)(red) in dopamine neurons and the FLAG epitope (green) in the elF4E substantia nigra_ The vector was
construct demonstrated that AAV elF4E is successfully expressed in the .
majority of dopamine neurons in the SN (Merge). The top row of panels | found to have excellent transduction

represents a caudal SN plane, the middle row a central plane, and the efficiency (F|GURE 3) We next
bottom row a rostral plane.
assessed effects of the vector on
the dopaminergic nigro-striatal projection of normal, unlesioned mice, as a baseline, to
make sure that there were no toxic effects, or, conversely, to see if they may have axon
growth effects even in the absence of a lesion. This was done, and elF4E was found to
have no toxicity. It had no effect on dopaminergic neuron number in the SN, and, unlike
p70S6K(del C/T389E), it had no effect on striatal dopaminergic innervation (FIGURE 4).
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EIF4E (NORMAL MICE)

With these studies completed, we
proceeded with lesion experiments,

GFP: SN TH. : GFP: STRTH as we proposed for TASK 2 in Year
‘ Briefly, for Experiment 1, mice

EIF4E: SNTH = ~ EIF4E: STRTH received a unilateral intra-striatal
i I ot 60HDA lesion. At 3 weeks
i, o postlesion, they received either

AAV elF4E or AAV GFP by intra-
nigral injection. At 12 weeks post

FIGURE 4. At 4 weeks following intra-nigral injection of AAV elF4E, there . ” . i
AAV injection, mice were sacrificed

is no change in the number of TH-positive neurons in the SN (left panels) or
densitv of TH immunostainina in the striatum (riaht nanels). fOI" hiStO'OgiCﬁ' analySiS Of the
dopaminergic innervation of the striatum by tyrosine hydroxylase (TH)
immunohistochemistry. The relative degree of innervation restored to the striatum was
determined by measuring the optical density of staining on the lesioned side, and then
expressing this density as a
percent of the contralateral, intact,
non-lesioned side. It can be seen
in FIGURE 5 that elF4E did not
induce a significant effect on
striatal innervation. For
Experiment 2, mice again received
a unilateral intra-striatal 60HDA
lesion and at 3 weeks postlesion
they received either AAV elF4E or
0 AAV GFP (as a control) by intra-
crP EIFeE nigral injection. At 12 weeks post
AAV injection, mice were sacrificed
for histological analysis of the
number of dopaminergic axons
within the medial forebrain bundle
(MFB) by tyrosine hydroxylase
(TH) immunohistochemistry. The amount of axonal restoration was determined by
stereologic counts of the number of axons on the lesioned side in comparison to the
number of axons on the contralateral, intact, non-lesioned side. It can be seen in FIGURE
6 below that elF4E did not induce a significant effect on the number of TH-positive axons
in the MFB. In both of these studies AAV elF4E differed from AAV p70S6K, studied in
Year 1 of this proposal.

| | CON 60HDA

(24
o

GFP
3 8 8

—
o
—

STR TH OD (EXP % CON)

EIF4AE

FIGURE 5. AAV elF4E does not restore striatal dopaminergic innervation
following 60HDA lesion. In the left panel, representative coronal sections
of the striatum, stained for TH, show that the pattern of staining is similar
between elF4E and GFP controls. In the right panel, quantitative analysis
of mice injected with AAV GFP (N = 7) and mice injected with AAV elF4E
(N = 8) shows no difference in the density of TH staining.

It is not sufficient to visualize axons by the expression of an endogenous protein such as
TH. Such proteins may not be abundantly expressed either following injury or in the
setting of new growth. Although it is important to visualize endogenous proteins,
independent methods must also be used. We use two such methods. In the first,
transgenic mice that express GFP under the TH promoter are used (TH-GFP mice).
Axons are visualized and quantified by use of confocal microscopy to detect GFP
fluorescence. In the second method, SN neurons are transduced with AAV Tomato-Tau,
an anterograde anatomical marker of axons. Axons are visualized and quantified by use
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of confocal microscopy to detect Tomato fluorescence.

In Experiment 3, TH-GFP

transgenic mice received a unilateral intra-striatal 60OHDA lesion. At 3 weeks postlesion,

CON 60HDA|[ MFB - 60HDA

s
STR’{; EIF4E RESTORATION 15 WEEKS PLT

-
o
S

4
o 3 CON
= EXP

GFP

3
=
S

MFBY
SNY®

"l
\ GFP
FIGURE 6. EIF4E fails to induce axon re-growth following 60HDA
lesion. The photomontage on the left shows representative horizontal
sections processed for TH immunostaining from mice treated either
with AAV GFP (Control) or AAV EIF4E. The left hand panels are low
power images that show the substantia nigra (SN), the medial
forebrain bundle (MFB) and the striatum (STR). In each section, the
Control side of the brain (CON) is intact, whereas the lesioned
(60OHDA) side shows loss of neurons in the SN, axons in the MFB
and axon terminals in the STR. The right hand panels are higher
power images of regions of the MFB indicated by the black squares.
There is no apparent difference between the MFB in mice that
received AAV EIF4E and the GFP Controls. This result is shown
quantitatively in the bar graph (AAV GFP N = 7; AAV EIF4E N = 8).

EIF4E I
R 4 s
8o &g
S S22

TH POSITIVE COUNTS IN THE MFB
s
S

o

EIF4E

they received either AAV elF4E/AAV
Tomato-Tau or AAV Tomato-Tau alone
(as a control) by intra-nigral injection.
At 12 weeks post AAV injection, mice
were sacrificed for histological analysis
of the number of dopaminergic axons
within the medial forebrain bundle
(MFB) by visualizing GFP. The
amount of axonal restoration was
determined by counts of the number of
GFP-positive axons on the lesioned
side in comparison to the number of
axons on the contralateral, intact, non-
lesioned side. It can be seen in
FIGURE 7 below that elF4E did not
induce a significant effect on the
number of GFP-positive axons in the
MFB. In this Experiment axons were
also visualized by wuse of the
anterograde tracer, Tomato-Tau. It

can also be seen in FIGURE 7 that elF4E did not induce a significant effect on the number
of Tomato-Tau-positive axons in the MFB. In these results AAV elF4E differs from AAV
p70S6K, studied in Year 1 of this proposal.

TOMATO EIF4E .

: =2 Given the lack of an

g effect of elF4E on axon

& P e growth by these
B g anatomical measures,
e NS W we anticipated that

- there would not be
® g evidence for restoration
5 of behavioral deficits. It
“lle is important to point out
z that the behavioral
L g assessment must be

done, of course, while
the animal is alive, prior

FIGURE 7. The lack of axon re-growth following treatment with AAV elF4E is confirmed
when axons are visualized independently of expression of the TH protein. The two top rows

in the photomontage show axons as green fibers in the MFB of transgenic mice that express to sacrifice for
GFP in their dopaminergic axons (TH-GFP mice). The top row shows abundant axons in . . .

the intact, non-lesioned MFB. The second row shows a loss of GFP-positive axons in the hIStO|OgIC3| analySIS'
60HDA-lesioned MFB. It can be seen that there is no apparent difference in the axon loss Thus, the behavioral

observed in Control (AAV Tomato — injected mice) as compared to AAV EIF4E — injected
mice. This result is shown quantitatively in the upper right hand bar graph, (AAV Tomato-
Tau N = 7; AAV EIF4E N = 8). The failure of axon growth can also be demonstrated by use
of the anterograde tracer Tomato-Tau. It can be observed in the bottom panels that very
few Tomato-positive axons are observed following 60HDA lesion. Their number is not
increased by AAV EIF4E. This result is shown quantitatively in the lower right hand bar
graph (AAV Tomato-Tau N = 7; AAV EIF4E N = 8).

data is obtained prior to
knowledge of the
anatomical results. For
this Experiment, at 12
weeks post AAV
injection, mice are




administered amphetamine

2.5

AMPHETAMINE o mg/kg i.p.; Sigma) and placed in a
r\' 100 plastic hemispherical bowl.
Contralateral and ipsilateral turns

{* FSVEREIVE 2 % are counted by a computerized

E ee rotometer system (San-Diego

Z 40 Instruments, San Diego, CA) for

20 60 min, and results are expressed

o as net turns per 60 min. In

B GFP EIF4E Control-treated mice, where there

FIGURE 8. AAV elF4E does not suppress rotational behavior foIIovs_/ing is an imbalance between the
B Thore was no diference n rotational behavior between mice mecieawin | 1€sioned and  non-lesioned
AAV GFP (N = 14) and AAV elF4E (N = 16). striatum in the extent of

dopaminergic

innervation, the

mice rotate ipsilaterally following administration of amphetamine as shown in FIGURE 8. If
elF4E partially restored dopaminergic innervation, it would be expected to also partially
suppress this rotational behavior. However, it did not. This is not unexpected, given the

lack of effect on striatal dopaminergic innervation.

In this respect, it again differs from

p70S6K which had a marked suppressive effect, as reported in Year 1.
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@ ™ 182 @@
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FIGURE 9. Schematic representation of the new knowledge obtained by completion of
TASKS 1 and 2. We have previously shown that the kinase Akt (symbolized by the
vertical red ellipse) can induce robust re-growth of dopaminergic axons in the adult brain
weeks following their destruction by 60HDA (Kim et al, Ann Neurol, 2011). This effect is
mediated through mTor signaling because it can be entirely recapitulated by the principal
mTor activator, the Rheb GTPase (blue rectangle), demonstrated by transduction with a
constitutively active form (hRheb(S16H)). This mutant is resistant to GTPase activation
(symbolized by the red cross), and thereby the inhibition induced by the tuberous
sclerosis complex (green rectangles) (Kim et al, Mol Therapy, 2012). In order to refine
gene therapies capable of inducing axon growth by minimizing the potential off-target
effects of either Akt or Rheb, we proposed in our Statement of Work to determine which
of the principal downstream signaling pathways of mTor1, the regulation of eukaryotic
initiation factor 4E by 4E-BP1, or the activation of the p70 S6 kinase (or both), mediates
axon growth. Our completion of TASKs 1 and 2 has clearly shown that the axon re-
growth induced by activation of mTor1 is mediated by the p70S6 kinase. Now that we
have identified p70S6K as the mediator of axon re-growth by these signaling pathways,
we will now proceed with TASK 3 and attempt to further refine its use in gene therapy for
axon restoration. We propose to determine whether p70S6K acts locally within the axon
to mediate its effects. We will achieve this goal by the evaluation of axonally-targeted
forms. If this approach is successful, it will further minimize off-target effects and it will
enhance the potency of p70S6K as an axon growth mediator.

With these results for AAV
EIFAE completed in Year
02 we have come to an
important juncture in our
studies. We had originally
proposed in our
Statement of Work that
we would devote our first

two TASKs in Years 01
and 02 to a determination
of which downstream

substrate of the kinase
mTor is responsible for its
axon growth-mediating
effects. After these first
two years of work, and
completion of TASKS 1
and 2 we have a clear and
unequivocal answer:
p70S6K mediates axon
growth and elF4E does
not (FIGURE 9).

Now that we have made
this determination, we will
proceed in TASK3 to
further refine the use of
p70S6K by genetically
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engineering it to be targeted to axons. We hypothesize that its axon growth effects are
mediated locally within the axon. If our hypothesis is correct, then the axonally targeted
forms will be more potent and it will have diminished risk of off-target effects, such as
oncogenesis.

Now in Year 03, we have gone forward and created the following axon-targeting vectors
for p70S6K(del C/T389E), the constitutively active form of p70S6K:

AAV cAPP-pSE6K(CA): (CA: constitutively active). This construct is targeted to axons by
15 C-terminus amino acids of amyloid precursor protein (cAPP). cAPP was found in our
recent publication in Gene Therapy (see below) to be the most effective known axon-
targeting motif. In that study the motif was placed at the N-terminus as it had been in
previously published studies.

AAV P70SK6(CA)-cAPP: This construct again uses the cAPP axon-targeting motif, but
places it at the C-terminus as it is in its native location in the APP protein.

AAV cAPP-p70S6K(CA)-TAU-ZIP: This construct supplements the peptide-based cAPP
axon targeting motif with an mRNA-based motif, the 3'UTR axon-targeting ‘zip code’ of the
microtubule-binding protein tau. In our Gene Therapy publication, it was the most potent
mRNA-based motif.

AAV 3XNLS-pS6K(CA): This construct includes a nuclear localization signal (NLS) and it
will target the constitutively active form of p70S6K away from the axon, into the nucleus. It
is a control construct.

AAV p70S6K(del C/T389E), the constitutively active form of p70S6K, without axonal
targeting, will serve as a comparison control for the axonally targeted forms.

At present, in Year 03, we are making these constructs, and once they are produced, we
will assess their ability to successfully transduce SN dopamine neurons. Once this is
done, we will be able to directly compare their ability to induce new axon growth.

KEY RESEARCH ACCOMPLISHMENTS

- AAV2/1 vectors have been created for p70S6K(WT), p70S6K(del C/T389E), and
elF4E.

- All of these vectors have been shown to exhibit good transduction efficiency for
dopaminergic neurons of the SN.

- AAV p70S6K(del C/T389E) has been shown to induce new axon growth in SN
dopamine neurons following axon destruction, thus recapitulating the abilities of
MYR-Akt and hRheb(S16H) to do so.

- The new axon growth induced by p70S6K(del C/T389E) is functional; it is able to
restore behavioral deficits induced by 60HDA lesion.

- AAV elF4E does not recapitulate the axon growth effects of MYR-Akt and
hRheb(S16H).



REPORTABLE OUTCOMES:

Padmanabhan S, Yarygina O, Kareva T, Kholodilov N, Burke RE. A constitutively active
form of p70S6K induces axon growth in the nigrostriatal dopaminergic system. Society for
Neuroscience, 2012.

Padmanabahn S, Kareva T, Kholodilov N, Burke RE. Quantitative morphological
comparison of axon targeting strategies for gene therapies directed to the nigro-striatal
projection. Gene Therapy, 2014, 21:115-122.

CONCLUSIONS

Based on our results in Years 01 & 02, we conclude that our fundamental strategy, to
attempt to recapitulate the axon growth effects of MYR-AKT and hRheb(S16H) with
mediators downstream of mMTORC1 is successful, because we have achieved axon growth
with a constitutively active form of p70S6K. In Year 02 we determined that the other
principal mTor target, elF4E, does not have axon growth induction capacity. In completing
our studies of p70S6K, we noted that although p70S6K(del C/T389E) has clear axon
growth effects, they do not seem to be as robust as hRheb(S16H), our most potent lead
molecule to date. We therefore in Year 03, will develop the axon-targeting strategy
proposed for TASK 3. We anticipate that axon targeting will enhance the efficacy of our
lead second generation molecules without adding to their oncogenic potential.
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Quantitative morphological comparison of axon-targeting
strategies for gene therapies directed to the nigro-striatal projection

S Padmanabhan’, T Kareva', N Kholodilov' and RE Burke'?

Cellular targeting of mMRNAs and proteins to axons is essential for axon growth during development and is likely to be important for
adult maintenance as well. Given the importance and potency of these axon-targeting motifs to the biology of axons, it seems
possible that they can be used in the design of transgenes that are intended to enhance axon growth or maintenance, so as to
improve potency and minimize off-target effects. To investigate this possibility, it is first essential to assess known motifs for their
efficacy. We have therefore evaluated four axon-targeting motifs, using adeno-associated viral vector-mediated gene delivery in the
nigro-striatal dopaminergic system, a projection that is predominantly affected in Parkinson’s disease. We have tested two mRNA
axonal zipcodes, the 3’ untranslated region (UTR) of B-actin and 3’ UTR of tau, and two axonal-targeting protein motifs, the
palmitoylation signal sequence in GAP-43 and the last 15 amino acids in the amyloid precursor protein, to direct the expression of
the fluorescent protein Tomato in axons. These sequences, fused to Tomato, were able to target its expression to dopaminergic
axons. Based on quantification of Tomato-positive axons, and the density of striatal innervation, we conclude that the C-terminal of
the amyloid precursor protein is the most effective axon-targeting motif.

Gene Therapy advance online publication, 5 December 2013; doi:10.1038/gt.2013.74

Keywords: Parkinson’s disease; APP; axon; targeting; gene therapy; AAV

INTRODUCTION

The complex circuitry of the central nervous system is made
possible by the unique, highly polarized cellular anatomy of
individual neurons. In the case of axons, the cellular polarization
can be extreme. Even in relatively compact projections, the
arborization of axon terminal fields can create an axonal volume
that dwarfs that of the cell body, as, for example, in the case of
nigro-striatal projection neurons. This unique anatomy of axons
creates unique cellular demands. There is growing evidence that
neurons meet these demands by targeting some proteins and
MRNAs to the axon, the latter to undergo local intra-axonal
translation.?

Cellular targeting to axons has gained recognition as important
to a variety of axonal functions, such as pathfinding,® and it
may have a role in the pathogenesis of some degenerative
neurological disorders.* Given the evidence that some axonal
functions, such as elongation, may be mediated at the intra-axonal
level, axon-targeting motifs may also find use in gene therapies
intended to restore axonal projections by induction of
re-growth.>®

Axon-targeting motifs have been identified in both mRNA
(‘zipcodes’) and peptide sequences. Zipcodes (or cis-acting
elements) are sequences in the 5 or 3’ untranslated region
(UTR) of the mRNA that interact with mRNA-binding proteins
(or trans-acting factors) and mediate mRNA transport to the
translational site within the axon. One of the first identified mRNA
zipcodes is a 54nt sequence in the 3’ UTR of B-actin mRNA.%”
This sequence was determined to be essential for the localization
of B-actin to the leading lamellae of fibroblasts, and it was
subsequently shown to be necessary for f-actin localization
to growth cones.® Microtubule-associated protein, tau, is a

neuron-specific protein that is found primarily in axons. A 241nt
AU-rich region in the 3’ UTR of tau mRNA is required for axonal
expression of both tau mRNA and protein in differentiated P19
cells® indicating that it serves as an axonal zipcode. Based on the
above literature, we evaluated two mRNA zipcodes (the zipcodes
in B-actin and tau) for their ability to target axons.

We also evaluated two axon-targeting peptide sequences: the
N-terminal palmitoylation signal of growth-associated protein
(GAP-43) and the C-terminal 15 amino acids of the amyloid
precursor protein (APP, a membrane-associated protein). Fusion of
the palmitoylation motif of GAP-43 to green fluorescent protein
(GFP) is sufficient to target it preferentially to axons.'® Moreover,
when single-dopamine neurons of the substantia nigra (SN) were
transduced with GFP bearing the palmitoylation sequence of
GAP-43, extensive axonal arborization in the striatum of the single
transfected neuron was observed.' The axonal-targeting motif of
the last 15 amino acids in the C terminus of APP was first
identified by observing its association with transported herpes
simplex virus particles.'’

In this study, we tested the efficacy of these axon-targeting
motifs to target the fluorophore tdTomato to the axons of the
nigro-striatal pathway, a pathway that is predominantly affected in
Parkinson’s disease, following transduction with adeno-associated
viral vectors.

RESULTS

Generation of the plasmids for the control and axon targeted viral
vectors

The different mRNA and protein sequences were amplified as
discussed in the Materials and Methods section. All constructs
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were subcloned into an adeno-associated virus 2 (AAV2) backbone
plasmid (pBL) that incorporated the chicken B-actin promoter
and a woodchuck post-transcriptional regulatory element® The
different targeting motifs were inserted either at the 5’ or 3’ end of
the coding sequence for tdTomato to generate Tomato-CaMKIl-zip,
Tomato-B-actin-zip, Tomato-Tau-zip, GAPpal (palmitoylation
signal of GAP-43)-Tomato and cAPP (C-terminal of APP)-Tomato
(see schematic in Figure 1).

Expression of axon-targeting viral vectors in the substantia nigra
pars compacta (SNpc) dopamine neurons

All vectors were first evaluated for any evidence of toxicity to
dopamine neurons of the SNpc in adult C57BL/6 mice. At 4 weeks
post injection, these neurons were visualized by tyrosine
hydroxylase (TH) immunoperoxidase staining with a thionin
counterstain (Supplementary Figure 1). The uninjected side served
as an internal control. Neither loss of dopamine neurons in the SN
nor the presence of an inflammatory cellular infiltrate was
observed with any of the vectors. In a pilot study, we compared
the efficiency of the two axon-targeting 3’ UTR mRNA zipcodes,
the P-actin-3’ UTR*’? and tau-3’ UTR’ to target Tomato
fluorescence to dopaminergic terminal fields. In comparison to
Tomato-tau-zip, Tomato-B-actin-zip showed minimal Tomato
fluorescence in the striatum indicating less targeting. Therefore,
the p-actin-3’ UTR zipcode was not further evaluated
(Supplementary Figure 2).

In this study, we transduced dopamine neurons in the SNpc
with the different viral vectors and monitored the expression of
Tomato at different levels of the nigrostriatal projection system.
The principal axonal tract of the dopamine neurons in the SNpc
lies within the medial forebrain bundle (MFB) and these axons
terminate in the striatum (Figure 2a). Transduction of the SNpc by
each vector was assessed by both fluorescence and immuno-
peroxidase staining of Tomato in coronal mesencephalic sections
(Figure 2b). The fibers observed around the cell bodies in the SNpc
and the fibers descending into the substantia nigra pars reticulata
are predominantly dendrites. Both control and axon-targeting
vectors labeled cell bodies (indicated by asterisk in the inset
panels) and fibers in the SN (see Figure 2b the inset panels).
However, the dendrites in the substantia nigra pars reticulata are
extensively labeled with the Tomato-CaMKIl-zip construct thus
validating that the zipcode in CaMKII causes preferential targeting
of Tomato to dendrites. In order to quantitatively compare
numbers of cells transduced in the SN by the different vectors, we
performed stereology on complete sets of serial sections
immunoperoxidase stained for Tomato. Although the fluorescence
images gave us striking images of the different regions of the
nigrostrital circuitry where the viral vectors were targeted,
we relied on immunoperoxidase staining to quantify the results.
We found that the number of neurons in the SNpc transduced by
the different vectors was comparable with the exception of
Tomato-CaMKIl-zip (Figure 2c), which showed significantly fewer
SNpc Tomato-positive counts.

At the population level within the SN, the pattern of
transduction by these vectors corresponded to the distribution
of the SNpc, which is predominantly dopaminergic. To confirm
expression by these vectors in dopaminergic neurons, we
examined cellular expression of Tomato in transgenic mice with
GFP expression under the control of the rat TH promoter. This
analysis confirmed extensive co-expression of Tomato and GFP in
neurons of the SNpc; single examples for each vector are shown in
Figure 3.

Relative efficacy of axon targeting viral vectors

In order to compare the ability of these vectors to target the
expression of Tomato to the axons of dopaminergic neurons, we
performed two assessments: (1) the number of Tomato-positive
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Figure 1. Schematic representation of axon-targeting viral vector
constructs and controls. Each construct is shown within the AAV-2-
based pBL vector backbone, in which colored boxes represent the
following elements of the plasmid: ITR, inverted terminal repeat
(green), CBA, chicken B-actin promoter (yellow); WPRE, woodchuck
hepatitis virus posttranscriptional regulatory element (blue). The
axon-targeting sequences (represented by the solid gray boxes)
were incorporated into a construct containing the coding sequence
of the fluorophore tdTomato as indicated. cAPP, C-terminal of the
amyloid precursor protein; GAPpal, GAP-43 palmitoylation signal;
Zip, zipcode.

axons in the MFB, the principal projection system of dopamine
neurons of the SNpc; and (2) the abundance of Tomato expression
in the striatum.
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Transduction of the substantia nigra pars compacta (SNpc) by axon-targeting viral vectors and controls. (a) Schematic of the

nigrostriatal circuitry demonstrates the location of the cell bodies of the dopaminergic neurons in the SN where the AAVs were injected.
(b) Tomato fluorescence demonstrates the expression of each axon-targeting vector in the SNpc 4 weeks post viral injection. Scale bar = 100 pm.
Each inset shows the SNpc at a higher magnification of the boxed area. The asterisks in the inset panels are example of cell bodies that are
Tomato positive in the SNpc. (¢) For quantitative analysis, coronal sections of the SNpc were immunoperoxidase stained for Tomato and the
number of positive neurons was determined by stereological analysis. The bars in the graph show mean values for neuron number (n=5
animals for each viral vector; error bars represent s.e.m.). The Tomato-CaMKIl-zip vector showed significantly fewer transduced neurons
(P<0.001 analysis of variance, P values as indicated by Tukey post hoc). The numbers of vector genomes injected per mouse were 2 x 10° for
AAV-Tomato, 1 x 10° for AAV-Tomato-CaMKIl-zip, 4 x 10° for AAV-Tomato-Tau-zip, 6 x 10° for AAV-GAPpal-Tomato and 4 x 10° for AAV-cAPP-

Tomato. AAV, adeno-associated virus; Cp, cerebral peduncle; MFB, medial forebrain bundle; SNpr, substantia nigra pars reticulata.

The different control and axon-targeting viral vectors were
injected into the SNpc of TH-GFP mice and 4 weeks later, the
axons in the MFB were quantified. TH-GFP mice are suitable for
this analysis as the entire population of dopaminergic axons in the
MFB is labeled. Using the GFP-positive axons to delineate the MFB,
we were able to quantify the number of Tomato-positive axons in
the MFB for each construct. The MFB consists predominantly of
axons, and hence, any fiber that is labeled in the MFB can be
considered to be an axon. Expression of the different control and
axon-targeting viral vectors in two fields of the MFB is represented
(Figure 4b). Tomato lacks any targeting sequence, and hence, the
fluorescence observed in the MFB is considered as the baseline
targeting of the viral vectors to axons. On the other hand, Tomato-
CaMKIl-zip is expected to target Tomato to the dendrites, and
hence, very few axons in the MFB should be observed. Assessment
of Tomato-positive axon numbers in the MFB revealed that control
vectors Tomato and Tomato-CaMKIl-zip labeled few axons as
anticipated. All three axon-targeting viral vectors showed higher
axonal counts when compared with the control vectors (Figure 4b
panels to the right). Among them, cAPP-Tomato demonstrated
the greatest number of Tomato-positive axons in the MFB,
about threefold the number observed in controls (Figure 4c).
In order to determine whether cAPP-Tomato was indeed superior
to the other axon-targeting constructs in its ability to target
Tomato to the axons, we also evaluated the axon numbers
(Tomato-positive counts in the MFB) after normalization by the
total number of axons in the MFB (GFP-positive counts in the MFB).

© 2013 Macmillan Publishers Limited

Although Tomato-CaMKIl-zip labeled very few dopaminergic
axons in the MFB, cAPP-Tomato revealed striking co-expression
of Tomato and GFP in the MFB (Figure 5a). Normalization of the
Tomato-positive axons to the total number of dopaminergic axons
(GFP-positive) in the MFB shows that all three axon-targeting viral
vectors label higher number of dopaminergic axons in the MFB as
compared with the control vectors (Figure 5b). However, the effect
observed with cAPP-Tomato was significant and threefold higher
as compared with the controls. Consideration was given to the
possibility that dendrites arising from neurons adjacent to the
MFB may be incorrectly identified as axons by tomato labeling.
However, this is unlikely for two reasons. The AAV injections were
made directly into the SN and tomato labeling of neurons in the
MFB does not occur. Second, dendritic morphology is distinguish-
able from axonal morphology; dendrites generally taper and
branch as they extend away from the soma, whereas dopaminergic
axons in the MFB do not.’

Expression of Tomato in the striatum was assessed in coronal
sections by both epifluorescence and by determination of the
density of immunoperoxidase staining. The Tomato and Tomato-
CaMKIll-zip constructs labeled very few fibers in the striatum by
Tomato fluorescence, whereas the axon-targeting vectors showed
abundant Tomato-positive fibers (Figure 6a). At a higher power,
individual fibers and dense terminal arborizations were observed
in the case of GAPpal-Tomato and cAPP-Tomato. In order to
confirm these observations, we performed Tomato immuno-
peroxidase staining. Striatal Tomato optical density was higher for

Gene Therapy (2013) 1-8
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Figure 3. Transduction of dopamine neurons in the SNpc by the
axon-targeting viral vectors and controls. Mice expressing GFP
under the TH promoter were injected with the Tomato-tagged axon-
targeting viral vectors and 4 weeks later horizontal sections were
obtained. Representative epifluorescence images confirm expres-
sion of each transgene within dopamine neurons of the SNpc. Scale
bar =30 pm. TH, tyrosine hydroxylase.

the three axon-targeting vectors compared with the control
vectors. Of the three axon targeting viral vectors, cAPP-Tomato
showed the highest optical density measurements, in keeping
with the results obtained for Tomato-positive axon counts in the
MFB (Figure 6b).

Both the number of axons in the MFB and striatal immunoper-
oxidase-labeling density are directly related to transduction
efficiency. We therefore normalized the measurements obtained
for striatal optical density to the number of neurons that were
transduced in the SNpc for each viral vector. This ratio would take
into account differences in viral titer and differences in the
transduction efficiency of each viral vector. This ratio was higher
for Tomato-Tau-zip, GAPpal-Tomato and cAPP-Tomato than the
controls and, in the case of cAPP-Tomato, it was significantly
higher than any other viral vector (Figure 6c). Thus, by all
assessments, cAPP was identified as the most effective axon-
targeting sequence. Excessive accumulation of Tomato (especially
with the axonally targeted constructs) in the striatum could lead
to subtle toxicity over the 4-week period. In order to rule out this
possibility, we performed TH immunostaining in the striatum
after the different viral vector injections and measured the TH
optical density in the striatum. Our results indicate no toxicity as
the values for TH striatal optical density were similar with the
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different control and axon-targeting viral vectors (Supplementary
Figure 3).

DISCUSSION

This study shows that the C-terminus axon-targeting sequence of
the amyloid precursor protein is sufficient and most effective to
target the fluorophore tdTomato to the axons in the nigro-striatal
dopaminergic system. Our assessment is based on two distinct but
complementary measurements of Tomato expression in the axons
and terminal fields of the nigro-striatal projection. The most direct
method, the counting of Tomato-positive axons in the MFB, has
the advantage of direct axon visualization, but the limitation that
once the threshold of expression required for visualization of the
individual axon is achieved, further increases in expression in that
axon are not measured. Our second method of assessment, the
determination of the optical density of immunoperoxidase
staining for Tomato in the striatum, does not visualize axons in
terminal branches at the individual fiber level, but remains
responsive to increases in Tomato protein beyond the threshold
of visualization of fibers. By both of these methods of assessment,
these axon-targeting motifs induced augmented expression of
Tomato transgene in nigro-striatal axons and terminal fields.

The superior efficacy of cAPP by both the MFB axon counts and
striatal optical density measures was not due simply to greater
efficiency in the transduction of neurons of the SNpc, because
there was no difference between cAPP and the GAPpal sequence
or the tau mRNA zipcode in this respect. Furthermore, when
striatal immunoperoxidase optical density values were normalized
for the number of transduced SN neurons, cAPP still showed a
superior ability to target axons. Our observations confirm those of
Babetto and colleagues'? made in vivo that cAPP is an effective
axon-targeting motif.

In our study, the axon-targeting motifs were fused to Tomato
either at the N or at the C terminus based on previous studies that
first validated these sequences. Whether N- or C-terminus
localization of these sequences will have different effects on
targeting remains to be studied. A recent study by Biermann
et al."® showed that a pair of Sushi domains in the N-terminal of
the GABAg;, is sufficient to target the somatodendritic mGluR1a
protein to axons. Whether these domains may also target proteins
of interest into axons in the nigrostriatal dopaminergic system
remains to be evaluated.

Although the cAPP amino-acid sequence was the most effective
axon-targeting motif in our analysis, our data are not intended to
suggest a broader conclusion that, in general, peptide motifs are
more effective than mRNA zipcode motifs, such as those found in
the B-actin and tau mRNAs. Our observations indicate that both
mRNA and protein axonal-targeting motifs can be used to
augment the expression of transgenic proteins in axons in brain
in vivo. The tau 3’ UTR zipcode motif showed strong trends for
increased axonal localization of Tomato in comparison to control
in MFB axon counts, striatal optical density and optical density
normalized for SN neuron counts. We therefore anticipate that
with more extensive study, the tau 3’ UTR zipcode will prove to be
an effective axon-targeting motif. Axonal targeting at the mRNA
level has the distinct advantage that the protein will be
synthesized locally in the axon, and therefore more likely to have
a selective axonal localization. Proteins with axon-targeting motifs,
synthesized in the cell body, may contain competing targeting
motifs, or post-translational modifications, that may target them
to other cellular structures or compartments. Protein-targeting
sequences, on the other hand, could be advantageous as they do
not rely on the expression and availability of mRNA-binding
proteins that are essential for the precise targeting of the mRNA
zipcodes to the axons.'*'® With either mRNA or peptide motifs,
we failed to exclude Tomato from the cell body suggesting that
achieving expression solely within the axons is improbable.

© 2013 Macmillan Publishers Limited
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Figure 4. Expression of Tomato by axon-targeting vectors and controls in axons of the medial forebrain bundle (MFB). (a) Schematic of the
nigrostriatal circuitry indicates the axons of the SN dopaminergic neurons in the MFB. (b) Representative confocal images of Tomato
fluorescence in two lateral fields of the MFB are demonstrated for each viral vector. GFP fluorescence (not shown) was used to localize the MFB
in each section. Each panel represents a z-axis maximal projection of 20 confocal optical planes through a 2-um vertical distance within the
MFB. (c) Quantitative analysis of the number of Tomato-positive axons for each construct. Significantly more axons were demonstrated by
cAPP-Tomato in comparison to controls (P=0.002 analysis of variance, P values as indicated by Tukey post hoc; n =4 animals for each viral
vector). The numbers of vector genomes injected per mouse were the same as that specified in Figure 2.
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Figure 5. Relative expression of Tomato in the axons of the MFB. (a) Representative confocal images of Tomato and GFP fluorescence in one of
the fields of the MFB are demonstrated for one control (Tomato-CaMKIl-zip) and one axon-targeting (cCAPP-Tomato) vector. The Tomato panels
indicate the number of axons in the MFB that are labeled by the control and axon-targeting viral vectors, whereas the GFP panels
demonstrate the total number of dopaminergic axons in the field. The panels are z-stack maximal projection images of 20 confocal optical
planes through a 2-um vertical distance within the MFB. (b) Quantitative analysis of the number of Tomato and GFP-positive axons for each
construct. Every axon transecting the two lines set 10 um apart in the caudal to rostral dimension (shown as two horizontal white lines in a)
were counted. When the Tomato-positive axons were expressed as a percentage of GFP-positive axons, cAPP-Tomato showed the greatest
amount of co-expression (P=0.013 analysis of variance, P values as indicated by Tukey post hoc; n =4 animals for each viral vector).

However, with this approach, the ratio of Tomato fluorescence
observed in the axon to that observed in the cell body is greatly
enhanced with the axon-targeting motifs as evidenced by the
Tomato-positive axon counts in the MFB and the SNpc.

Our goals in performing the assessment of axon-targeting
motifs were not only to establish their ability to target axons but

© 2013 Macmillan Publishers Limited

also to provide methodological approaches to quantifying and
comparing their relative efficacy. The two measures that we have
used, MFB axon counts and striatal optical density, are comple-
mentary and yet confirmatory, because they identified the same
rank order of potency: cAPP > GAPpal > tau zip >Tomato controls.
This analysis therefore provides a proof-of-principle for the
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Figure 6. Expression of Tomato by axon-targeting viral vectors and controls in the striatum. (a) Schematic of the nigro-striatal circuitry
demonstrates the dopaminergic axon terminals in the striatum where the observations were made. (b) Epifluorescence images demonstrating
expression of Tomato in the striatum for each vector. Scale bar =100 um. The lower panels show magnified images of the area boxed in the
upper panels. Scale bar =50 um. (c) Quantitative analysis of the optical density of Tomato immunoperoxidase staining in the striatum, 4 weeks
post viral injection. cAPP-Tomato demonstrated significantly more striatal expression than all other constructs (P<0.001 analysis of variance
(ANOVA), P values as indicated by Tukey post hoc; n=5 for each viral vector). (d) The ratio of Tomato optical density in the striatum to
Tomato-positive neurons in the SNpc for each viral vector is shown. When normalized for the number of positive neurons in the SNpc,
the striatal optical density for cAPP-Tomato remains significantly greater than all other constructs (P<0.001 ANOVA, P values as indicated by
Tukey post hoc; n=>5 animals for each viral vector). The numbers of vector genomes injected per mouse were the same as that specified in

Figure 2.

assessment of future developments in axon targeting, such as
combinations of these motifs, or the discovery of new ones.

The ability to characterize and compare motifs for axon
targeting of exogenous genes in vivo has implications for the
development of better tools to study the neurobiology of axons.
Axon-targeting motifs have been effectively used to study the
axonal anatomy of the nigro-striatal projection' and to explore
the mechanisms of axon protection by the mutant WId® protein.'?
The ability to quantify the efficacy of different motifs in specific
projections will enhance the utility of such approaches.

Our observations also have implications for the development of
gene therapies that are intended to affect axon growth, integrity or
function. The use of axon-targeting motifs may enhance effects at
the axon level and diminish undesired off-target effects. For
example, we have reported that constitutively active mutant forms
of both the kinase Akt and the GTPase Rheb are capable of
inducing axon re-growth in adult dopaminergic neurons.>®
However, both of these mutants are potent oncogenes. Given
that Akt and Rheb are likely to be signaling through the
mammalian target of rapamycin kinase, and in view of evidence
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that mammalian target of rapamycin signaling may occur locally in
axons to regulate their growth,?* it may be possible to use axon-
targeting motifs to direct these molecules to the axon, where the
desired effects in axon growth are mediated, and thereby minimize
expression in the cell body, where effects on cell proliferation are
likely to occur. Although our future studies will be aimed at testing
the potency of neuro-restorative effects in Parkinson’s disease with
these axonally targeted proteins, we believe our observations have
potential use for therapy in other disorders where axonal loss is
an early feature of disease such as in Alzheimer’s disease and
amyotrophic lateral sclerosis.'” In these disorders, axon-targeting
motifs could be used not only to monitor the anatomy and early
pathogenesis in the projection systems but also to direct proteins
of interest to the distal axons to achieve a beneficial effect.

MATERIALS AND METHODS
Production of AAV vectors

To produce constructs incorporating axon-targeting sequences from
B-actin, GAP-43 and APP, oligonucleotides were purchased from e-oligos
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(Hawthorne, NY, USA). The axon-targeting sequence from tau was
obtained by PCR amplification from rat ¢cDNA. We used two control
constructs. The first was the unmodified tdTomato-coding sequence. The
second incorporated a dendritic-targeting sequence in the CamKIl-oo mRNA
3’ UTR."® This sequence was obtained by PCR amplification from rat cDNA.
TdTomato-encoding plasmid was purchased from Addgene (Cambridge,
MA, USA). All constructs were subcloned into an AAV2 backbone plasmid
(pBL) that incorporated different regulatory elements. All nucleotide
sequences in the AAV packaging constructs were confirmed before AAV
production. AAVs were produced by the University of North Carolina
Vector Core. The Vector Core uses a triple transfection protocol in
suspension HEK293 cells and is purified by column chromatography.
The formulation buffer is PBS with 5% sorbitol. All vectors used in this
study were AAV1 serotype. The genomic titer of AAV-Tomato was 1 x 10'2
viral genomes per ml, and those of AAV-Tomato-CaMKIl-zip, AAV-Tomato-
B-actin-zip, AAV-Tomato-Tau-zip, AAV-GAPpal-Tomato and AAV-cAPP-Tomato
were 5x 10", 1x10'%, 2x10'%, 3% 10" and 2x 10" viral genomes
per ml, respectively.

Intranigral AAV injection

Adult (8 week) male C57BL/6 mice were obtained from Charles River
Laboratories, Wilmington, MA, USA. Mice were anesthetized with
ketamine/xylazine solution and placed in a stereotaxic frame (Kopf
Instruments, Tujunga, CA, USA) with a mouse adapter. The tip of a 5.0-ul
syringe needle (26S) was inserted to stereotaxic coordinates AP: —0.35cm;
ML: +0.11 cm; DV: —0.37 cm, relative to bregma. Viral vector suspension
in a volume of 2.0 ul was injected at 0.1 ulmin~" over 20 min.

Institutional review of animal protocols

All injection procedures, as described above, were approved by the
Columbia University Institutional Animal Care and Use Committee.

Coronal sectioning and immunohistochemistry for Tomato

Mice were perfused through the left ventricle with 0.9% NaCl followed by
4.0% paraformaldehyde in 0.1 moll~" phosphate buffer, pH 7.1. The brain
was carefully removed and cut into midbrain and forebrain regions. The
region containing the midbrain was postfixed for 1 week, cryoprotected in
20% sucrose overnight and then rapidly frozen by immersion in
isopentane on dry ice. A complete set of serial sections was then cut
through the substantia nigra (SN) at 30 um. Beginning with a random
section between 1 and 4, every fourth section was processed. Sections
were processed free-floating. The primary antibody was rabbit
polyclonal to dsRed (Clontech, Mountain View, CA, USA) at 1:100.
Sections were then treated with biotinylated protein A and avidin-
biotinylated horseradish peroxidase complexes (ABC; Vector Labs,
Burlingame, CA, USA). After immunoperoxidase staining, sections were
thionin counterstained. The forebrain region containing the striatum was
postfixed for 48h, frozen without cryoprotection and processed as
described above. We used immunoperoxidase staining for Tomato to
quantify our results as the chromagen reaction product is stable under
continued illumination making it suitable for stereology and striatal optical
density measurements that require prolonged visualization of the tissue
sections.

Stereology and striatal optical density measurements

The number of transduced neurons in the SN was determined by
stereologic counts of tdTomato-positive profiles. The entire SN was
identified as the region of interest. By use of the Stereolnvestigator
program (MicroBrightField, Williston, VT, USA), a fractionator probe
was established for each section. The number of Tomato-positive
neurons in each counting frame was determined by focusing down
through the section, using x 100 objective under oil, as required by the
optical disector method. Our criterion for counting an individual neuron
was the presence of its nucleus either within the counting frame,
or touching the right or top frame lines (green), but not touching the
left or bottom lines (red). The total number of Tomato-positive neurons
for each side of the SN was then determined by the Stereolnvestigator
program. The optical density of striatal Tomato immunostaining
was determined with an Analytical Imaging Station (Imaging Research,
St Catherines, Ontario, Canada).
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Quantitative morphologic analysis of Tomato-positive axons in the
MFB

For this analysis, mice expressing GFP under the TH promoter'® were
used. The SN was injected with AAV suspension as described above.
Fifty-micrometer-thick horizontal sections were obtained and the section
containing the A13 dopaminergic cell group, the third ventricle, the third
ventricle recess and the MFB was chosen for further processing.
A confocal microscope (Leica TCS SP5 AOBS, Exton, PA, USA) was
used to obtain 20 optical planes through a 2-um vertical distance within
the MFB. This z-stack was merged to form a maximal projection of the
sampled volume. This procedure was performed in five adjacent fields
(97 mm x 97 mm) from medial to lateral across the MFB. The argon-ion
laser with an excitation wavelength of 488 nm was used to visualize the
GFP-positive dopaminergic axons and the helium-neon laser with an
excitation wavelength of 543 nm was used to visualize the Tomato-positive
axons in the MFB. The fields that were positive for GFP were selected for
counting Tomato-positive axons. In order to count the number of Tomato
axons passing in the rostro-caudal dimension through each sample
volume, two lines were set crossing the maximal projection image at
distance of 10.0 um apart. Every intact red axon crossing both lines was
counted as positive.

Statistical analysis

Multiple comparisons among groups were performed by one-way analysis
of variance and Tukey post hoc analysis. N indicates the number of animals
used for each experiment. The condition that shows a statistically
significant effect is indicated by the dotted line and the experimental
condition that it is compared with is indicated by the solid line in each
graph. All statistical analyses were performed using SigmaStat software
(Systat Software, San Leandro, CA, USA).
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Supplementary Figure 1. Effect of the different control and axon targeting viral

vectors on dopamine neurons in the SNpc

Coronal sections through the SN were processed for TH immunoperoxidase staining
with thionin counterstain at 4 weeks following intra-nigral injection of the different control
and axon targeting viral vectors. Representative sections from the SN reveal no toxicity

to the TH positive neurons on the injected side as compared to the control side.

Supplementary Figure 2: A comparison between the two axon targeting mRNA

zipcodes

Mice were injected with either Tomato-B-actin-zip or Tomato-tau-zip in the SN and 4
weeks later coronal sections of the striatum were observed under an epifluorescence
microscope. Greater Tomato fluorescence in the striatum would indicate better axon
targeting capability of the construct. The mRNA zipcode in tau results in a much higher
Tomato fluorescence in the striatum when compared to the mRNA zipcode in -B-actin.
White boxes in the panels to the left delineate the regions indicated at a higher power in
the panels to the right. The higher power images show greater number of fibers in the
striatum and higher Tomato fluorescence indicating stronger delivery of Tomato to the

terminal fields with the Tomato-tau-zip construct.



Supplementary Figure 3: Assessment of striatal TH toxicity with the controls and

axon targeting viral vectors

(a) Coronal sections through the striatum were processed for TH immunoperoxidase
staining at 4 weeks following intra-nigral injection of the different control and axon
targeting viral vectors. (b) Optical density of TH in the striatum was measured and the
value of striatal TH optical density on the injected side was expressed as a percentage
of the control un-injected side. The graph indicates no toxicity to the dopaminergic

terminals in the striatum with the different viral vectors.
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